Quantum-chemical ab initio calculations up to the ZPE+CCSD(T)/aug-cc-pVTZ//MP2/6-311++G** level were performed on three possible structural isomers of diborabenzene (C 4 H 4 B 2 ). All three molecules were found to be local minima on the C 4 H 4 B 2 energy surface and to have closed shell singlet ground states. While the ground states of the 1,3-and 1,4-isomer are planar and of C 2v and D 2h symmetry, respectively, 1,2-diborabenzene is non-planar with a C 2 axis passing through the center of the BB bond and the middle of the opposite carbon-carbon bond as the only symmetry element. The energetically most favourable 1,3-diborabenzene was found to be about 19 and 36 kcal/mol lower in energy than the 1,2-and the 1,4-isomer. Planar 1,3-and 1,4-diborabenzene have three doubly occupied π orbitals while non-planar 1,2-diborabenzene has also three doubly occupied orbitals which can be derived from the π orbitals of its 3.7 kcal/mol energetically less favourable planar form ("π-like" orbitals). The lowest unoccupied orbitals of all three isomers have σ symmetry with large coefficients at the two boron atoms. These orbitals are lower in energy than the lowest unoccupied molecular orbitals (LUMOs) of e. g. benzene and pyridine and might cause pronounced acceptor properties which could be one of the reasons for the elusiveness of the title compounds. The results of bond separation reactions show that cyclic conjugation stabilizes all three diborabenzenes relative to their isolated fragments. The most effective stabilization energy of about 24 kcal/mol was found for the energetically lowest 1,3-isomer. This value amounts to approximately one third of the experimental value for the bond separation energy of pyridine. In all cases the energetically lowest triplet states are significantly (16 -24 kcal/mol) higher in energy than the singlet ground states. Also among the triplets the 1,3-isomer is the energetically most fabourable species.
Introduction
Although a huge number of experimental and theoretical papers on borabenzene (4, borinine, see Scheme 1) have been published so far [1 -10] very little is known about the compounds which have two boron atoms in the six-membered ring and which, therefore, might be called diborabenzenes (1 -3, Scheme 1). Especially, the unsubstituted compounds of sum formula C 4 H 4 B 2 are apparently unknown so far, while some derivatives have been studied under various conditions by several groups. Thus, the electron spin resonance (ESR) spectrum of the radical anion of 2,3,5,6-tetramethyl-1,4-diborabenzene was published by Bock and coworkers already in 1980 [11] .
0932-0784 / 10 / 0100-0113 $ 06.00 c 2010 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com Pioneering work in the field of the synthetic chemistry of the diborabenzenes was done by Herberich and coworkers who published a triple-decked sandwich complex of rhodium with a derivative of 1,4-diborabenzene as bridging ligand one year later [12] . In 1986 a paper from the same group described the Li salt of a substituted 1,2-diboratabenzene [13] , and a more detailed account of their work describing some 1,2-dibora-3,5-cyclohexadiene metal complexes besides other compounds appeared in 1988 [14] . Moreover, the first derivative of 1,3-diborabenzene as a ligand in an iron complex could structurally be characterized in 1989 [15] . More transition metal complexes with ligands that can also be considered derivatives of 1,4-diborabenzene have been described by Siebert et al. in 1987 [16] . However, as far as the authors are aware the unsubstituted compounds remain elusive so far.
Several reasons might account for the elusiveness of the title compounds. Firstly, the three unsubstituted uncharged borabenzenes might be no stationary points on the C 4 H 4 B 2 energy surface. Moreover, the molecules 
127.9 116.7 --(127.3) Scheme 2. might be biradicals with highly reactive triplet ground states. In addition it is conceivable that the diborabenzenes are anti-Hückel systems with only two doubly occupied π orbitals. Finally, like borabenzene [1, 2] the ground states of all three diborabenzenes could be benzene-like closed shell singlet structures with six Table 2 . Relative energies of the ground states of 1,2-diborabenzene (1) ¶ , 1,3-diborabenzene (2), and 1,4-diborabenzene (3) at different levels of theory (in kcal/mol). electrons in three orbitals of π symmetry and a lowlying LUMO of σ symmetry which causes strong acceptor properties and, therefore, high reactivity.
In order to gain some insight into the electronic and the geometric structure of the title compounds we performed quantum-chemical ab initio calculations on different levels of theory for three possible isomers of diborabenzene, where we considered only such structures on the C 4 H 4 B 2 energy surface where both boron atoms are members of the six-membered ring.
Computational Methods
The structures of the singlet states of all molecules under consideration were preoptimized at the restricted Hartree-Fock level using the 6-31+G* basis set. Starting from the resulting geometric parameters further optimizations were performed at the MP2 1 level employing the 6-311++G** basis set which is the 6-311G contraction 2 of gaussian functions by Krishnan et al. [17] augmented with a set of three plike functions on hydrogen, a set of five d-like functions at boron and carbon, one set of diffuse s and p functions at the heavy atoms, and one set of diffuse s functions at the hydrogen atoms. Calculations for the lowest triplet states of the molecules were performed with the unrestricted MP2 method (UMP2) and the 6-311++G** basis set. All structures optimized at one of these levels were characterized as either local minima or saddle points by calculation and diagonalization of the corresponding force constant matrix. Using the MP2/6-311++G**-optimized structures single point calculations with the CCSD(T) 1 method [18 -22] were then carried out using Dunning's correlation consistent aug-cc-pVTZ basis set with a triple 1 The correlation energy was calculated excluding the core electrons ("frozen core" approximation).
2 (11s5p/5s) → [4s3p/3s] split in the valence shells and containing diffuse (aug, one s, one p, and one d diffuse function on hydrogen and one s, one p, one d, and one f diffuse function on boron and carbon) 3 [23 -27] . An infinite basis set extrapolation was applied at the CCSD(T) level using the method of Truhlar [28, 29] . Finally we performed CASSCF(6,7) calculations employing the MP2-6-311++G**-optimized structures and the augcc-pVTZ basis set, where the active space was chosen as described below. All calculations were performed using the Gaussian03 [30] suite of quantum-chemical programs. Total energies of all species under consideration obtained at different levels of theory are given in Table A1 (singlets) and A2 (triplets) of the appendix.
Results and Discussion
All three diborabenzenes were found to be minima on the C 4 H 4 B 2 energy surface. The optimized structures of the singlet states of all three isomers are shown in Figure 1 , and selected structural parameters are given in Table 1 . Relative energies obtained at different level on theory are collected in Table 2 .
The corresponding total energies are given in Table A1 of the appendix.
At all levels of theory planar 1,3-diborabenzene (2) is the energetically lowest singlet species. The optimized structure has C 2v symmetry and calculation and diagonalization of the corresponding force constant matrix showed that the structure displayed in Figure 1 is a local minimum. At the highest level of theory employed in this paper (ZPE+CCSD(T)/augcc-pVTZ//MP2/6-311++G**) 1,3-diborabenzene is about 34.8 and 18.8 kcal/mol lower in energy than the 1,2-and 1,4-isomer. Extrapolation to an infinite basis set slightly changed the relative energies to 35.8 and 19.3 kcal/mol, respectively. At 1.450Å the two BC1 bonds are only slightly longer than the BC bonds in borabenzene (4) at the same level of theory (1.439Å). The BC1 bond lengths are closer to the average value (1.475Å) of a C-B single (H 2 B-CH 3 , 1.562Å) and double bond than to the value for an isolated C=B double bond (HB=CH 2 , 1.387Å). The BC2 bonds are of essentially the same length (1.451Å). Moreover, the CC bonds (1.424Å) are also close to the average of a single and an isolated double bond (1.434Å). Thus the bond lengths in the ring show little alternation probably indicating a cer- The next stable isomer is 1,4-diborabenzene (3). The optimized structure is also planar and has D 2h symmetry. At 143.1 • the C-B-C angles are somewhat smaller than the one in 2. The lengths of the BC bonds (1.452Å) are essentially the same as in the most stable isomer while the CC bond (1.450Å) is closer to a single than to a double bond. It appears that bond alternation is more pronounced in this isomer than in 2 which might indicate a lower degree of delocalization than in the most stable isomer 2. The least stable compound in this series is 1,2-diborabenzene (1). The planar C 2v structure is not a minimum but rather a saddle point with one imaginary frequency in the spectrum of its normal vibrations. It is 3.7 kcal/mol higher in energy than a non-planar structure of C 2 symmetry which corresponds to a local minimum. An infinit basis set extrapolation slightly reduces this energy difference to about 3 kcal/mol. The BB bond length in this structure is 1.544Å and, therefore, shorter than the corresponding bond in the planar species (1.572Å). Thus the length of this bond in the This situation is similar to the electronic structure of borabenzene, and these low-lying orbitals may be one of the reasons for an extremely high reactivity and, therefore, for the elusiveness of the parent diborabenzenes.
Starting from the HF/aug-cc-pVTZ MOs we performed CASSCF(6,7) calculations. The active space in the calculations on the singlets included the three doubly occupied orbitals of π symmetry, the LUMO of σ * symmetry and three energetically lowest least diffuse π * orbitals showing the correct nodal properties. The results are also given in Tables 2 and A1 , respectively. The order of stabilities obtained at the other levels of theory is retained in the CASSCF(6,7) calculations in that 2 remains the most stable isomer followed by 3. Planar 1 remains the least stable species with the non-planar isomer being 3.5 kcal/mol lower in energy. At occupancies of less than 0.1 e the low-lying orbitals of σ * symmetry are essentially empty.
The calculated vibrational frequencies which will be helpful to the experimentalist in identifying one of the species generated for example in a rare gas matrix are listed in Table A3 of the appendix and the corresponding spectra are plotted in Figure 6 . Those vibrations in which the boron atoms participate significantly show a strong 11 B-10 B isotopic shift. The most important vibrations of the lower weight isotopomers ( 10 B) are shown in Figure 6 as dashed bars.
The structures of the lowest triplet states of the three diborabenzenes obtained at the UMP2/6-311++G** level are plotted in Figure 7 . All structures shown in this figure are planar (C 2v ) and correspond to local minima. Relative and total energies are given in Table 3 and Table A2 of the appendix where we also list the corresponding S 2 values to estimate the contamination of the UMP2 triplets by higher spin states. All triplet states are energetically significantly less favourable than the corresponding singlets and at the ZPE+PUMP2/6-311++G**// UMP2/6-311++G** level their energies relative to the corresponding singlet ground states are 16.0, 20.3, and 24.0 kcal/mol for T1, T2, and T3, respectively. Striking structural feature of T3 are the two different C-B-C angles. At 160.7 • C1 -B-C is the largest bond angle found in this study. Total and zero point energies Table 3 . Relative energies of the lowest triplet states of 1,2-(T1), 1,3-(T2), and 1,4-diborabenzene (T3) (in kcal/mol Fig. 7 . Structures of the lowest triplet states of the three isomers of diborabenzene optimized at the UMP2/6-311++G** level of theory (all C 2v ). All shown structures are local minima on the C 4 H 4 B 2 energy surface.
are listed in Table A2 of the appendix. Like in the case of the singlets the 1,3 isomer (T2) is the most and the 1,2 isomer the (T1) the least stable isomer.
Starting from the ROMP2/6-31G* and ROMP2/ aug-cc-pVTZ wave functions we also performed CASSCF calculations for the lowest triplet states of the three diborabenzenes where the active space comprised the two doubly-(π) and the two singly-occupied orbitals (π, σ * ), as well as the energetically lowest least diffuse orbitals of π * symmetry with the correct nodal structures. Relative and total energies obtained at the CASSCF level are also given in Tables 3 and Table A2 , respectively. As with the other methods and as among the singlets the 1,3-isomer is the most stable species.
Moreover, all triplets are energetically between 10 and 18 kcal/mol above the singlet ground states. However, at the CASSCF level the energy difference between the 1,3-on the one, and the 1,2-and the 1,4-isomer on the other hand are about 22 and 9 kcal/mol and thus more than 10 kcal/mol less than at the PUMP2 level. Identification of the correct unoccupied orbitals for the active space is complicated by the diffuse components of the aug-cc-pVTZ basis set. To make sure that the differences to the PUMP2 energies are not due to an erroneous definition of the active space we repeated the calculations using the same geometry but the 6-31G* basis set instead. In this way we obtained essentially the same results as with the much larger correlationconsistant basis set. We are currently unable to provide a conclusive explanation as to the differenced between the PUMP2 and the CASSCF results for the triplets.
Isodesmic bond separation reactions [31 -33] have been used to evaluate the stabilization or destabilization of the molecules relative to their fragments due to cyclic conjugation (Scheme 3). Depending on the choice of the mesomeric form (A or B, Scheme 1) two different reactions have to be considered (1a), (1b) in the case of the 1,2-isomer while one single reaction is sufficient in the case of 1,3-and 1,4-diborabenzene (2), (3). The energies have been calculated at the CCSD(T)/aug-cc-pVTZ//MP2/6-311++G** level including the zero point energy calculated with the MP2/6-311++G** method. All bond separation energies are positive ((1)1a: 3.6; (1)1b: 19.9; (2)2: 23.6; (3)3: 4.8 kcal/mol) indicating that cyclic conjugative interaction between the fragments stabelizes the three cyclic compounds relative to the corresponding isolated fragments. The corresponding value for borabenzene at the same level of theory is 37.6 kcal/mol. The most effective stabilization of 23.6 kcal/mol was calculated for 1,3-diborabenzene. Although it is much lower than the experimental values for some typical aromatics (benzene 64.2, pyridine 71.9, pyridazine 74.6 4 , pyrimidine 80.4, and pyrazine 80.5 kcal/mol [31] ) it is comparable to the experimental bond separation en-4 employing the mesomeric form with a N-N single bond. ergy of cyclopentadiene (22.4 kcal/mol [33] 5 ). Moreover, the energy of bond separation is more than five times higher for reaction 1b than for 1a indicating that according to these model reactions cyclic conjugation between one B=B and two C=C double bonds is energetically more favourable than between two B=C and one C=C bond. This is also reflected by the calculated structure of non-planar 1,2-diborabenzene which, as far as the bond lengths are concerned, is much closer to a structure like A than to one like B (Scheme 1). Thus, as mentioned above the distance between the two boron atoms in the optimized structure of 1,2-diborabenzene is much closer to the value for a B=B double than for a B-B single bond (vide supra).
Appendix

Conclusions
Quantum-chemical calculations performed at different levels of theory show that all three diborabenzens have singlet ground states with six electrons in three Table A3 . Calculated (MP2/6-311++G**) normal frequencies of the 10 B and 11 B isotopomers of singlets 1,2-, 1,3-, 
